Introduction
Generally, hepatocytes in vitro can be maintained as replicating differentiated cells for a limited period. We devised a culture medium, hepatocyte clonal growth medium (HCGM) , that supports the growth of rat hepatocytes for a longer period [1] [2] [3] . Using HCGM we were able to demonstrate the presence of the colony-forming parenchymal hepatocytes (CF-PHs) as small hepatocytes (SHs) that have a much higher growth potential than conventional PHs [3] . We also showed the presence of replicative human SHs that continue to increase the colony size up to around 35 days when cultured in modified HCGM containing human serum (HS) and Swiss 3T3 cell-conditioned medium (3T3-CM) [4] . However, CF-PHs have not been isolated as a pure fraction and, thus, not been characterized well yet.
The present study was performed, firstly, to determine the occupancy of CF-PHs in the human liver, secondly, to propagate them by serial subculture, and, thirdly, to characterize them in terms of differentiation potential. As a result, we demonstrated the presence of CF-PHs in human PHs and were able to obtain a pure fraction of CF-PHs by serial subcultivation. CF-PHs were characterized in terms of growth potential and differentiation capacity.
Materials and methods

Isolation, cryopreservation, and thawing of human hepatocytes
The present study was performed under the ethical approval of the Hiroshima Prefectural Institute of Industrial Science and Technology Ethics Board. Liver tissues were obtained from 15 donors (Table 1) Hepatocytes were isolated as previously [4] with some modifications. Previously we isolated a SH-containing NPC fraction as the centrifugal supernatant at 50 x g for 1 min [4] . In the present study we isolated PHs as the pellets at 50 x g for 2 min, because their colony-forming efficiency (0.063%) was much higher than that (0.013%) at 50 x g for I min. Some of the isolated PHs were cryopreserved and thawed as previously [5] . These Yamasaki, Human colony-forming hepatocytes 4 cryopreserved and thawed (C-T) PHs were dubbed C-T PHs. The viability of cells was determined by the trypan blue exclusion test. Cells were counted with a hemocytometer.
We also used cryopreserved human hepatocytes from a 9-month-old Caucasian boy (IVT079) provided by In Vitro Technologies Inc.(Baltimore, MD). The hepatocytes were thawed as described above. These hepatocytes were called C-T 9MM.
Culture of PHs
PHs were inoculated at 8 Swiss 3T3 cells were incorporated into the dishes as above.
The concentration of albumin (ALB) in culture media was determined with Human ALB ELISA Quantitation Kit (Bethyl laboratories Inc., Montgomery, TX). Cellular proteins were quantified with Protein Assay Kit (Bio-Rad, Hercules, CA) as previously [7] .
Determination of colony-forming efficiency of PHs
PHs were cultured on Celldesks, fixed in -30˚C ethanol at 20 days, and stained with 
Culture of cells in spheroids
Matrigel Matrix solution (BD Biosciences, Bedford, MA) was dissolved in DMEM at 5 mg/ml, 2 ml of which was added into each well of 6-well plates. The plates were 
Quantification of mRNAs
We examined whether C-T procedures had caused breaks in RNA of PHs. Total
RNAs were extracted from fresh and C-T PHs of 3 donors, 51M, 53M2, and 68F, and electrophoresed on agarose gels. There were no significant differences in the banding patterns of 28S and 18S RNA between fresh and the corresponding C-T PHs, which indicated that the C-T procedure did not cause such breaks.
12M-CF-PHs at 3 passages in subculture were divided into two groups. One group was cultured in dishes as monolayers and the other group was cultured on Matrigel as
Yamasaki, Human colony-forming hepatocytes 6 spheroids. HepG2 cells were similarly treated. Total RNAs were obtained from these 4 different cell preparations. cDNAs were synthesized using 1 μg of total RNA, PowerScript RT (Clontech labolatories, Inc., Palo Alto, CA) and Oligo(dT)12-18 primers according to the manufacturer's instruction. mRNAs of genes indicated in the text were measured by real-time quantitative RT-PCR using the previous primers [5] except those for AFP (forward, 5'-CAGCCAAAGTGAAGAGGGAAGA; reverse, 5'-CAGCTTGTGACAGGTTCTGGA) and a SYBR Green dye [8] . Copy numbers of mRNA in the cDNA samples were calculated as previously [8] . at 20 days when they were in a growing phase (Fig. 1I ). They grew to confluence at 33 days after plating (Fig. 1J ). The cells in condensed regions showed a typical hepatocyte-like (cuboidal and densely packed) morphology. PHs were obtained from 11 donors whose age ranged from 3 to 72 years and cultured for 20 days. The colony-forming efficiency was variable from 0.01% to 0.09%, but the efficiency significantly decreased as donors aged ( Fig. 2A ).
Results
Growth and morphology
C-T 9MM-
Growth of CF-PHs in subculture
PHs from both younger donors, 3M, 12M, 16F2, and older ones, 63M and 72M1, grew under serial subculture ( indicated that the growth potential of CF-PHs is correlated with the age of donor.
Phenotypes of CF-PHs in subculture
The expression of liver-specific marker proteins was determined during subculture of 3M-and 12M-CF-PHs. There were no noticeable differences in their expression profiles between 3M-and 12M-CF-PHs. 3M-CF-PHs at 2 passages were cultured up to 13 days when they were still in a pre-confluence or an early phase of confluence. These cells were CK8 + (Fig. 3A) and CK18 + (data not shown), markers of both hepatocytes and bile duct cells, and CK7 + (data not shown) and CK19 + (Fig. 3B) , markers of bile duct cells. 12M-CF-PHs at 3 passages were further cultured up to 27 days when they became confluent. They were ALB + (Fig. 3C ), a universal hepatocytic marker.
Especially, CF-PHs in condensed regions were heavily ALB + . CF-PHs expressed α 1  AT, a marker of mature hepatocytes, in condensed regions, but not in non-condensed regions (Fig. 3D ). These cells were AFP - (Fig. 3E ), a marker of immature or neoplastic hepatocytes. The CF-PHs were also subjected to double immuno-staining for α 1 -AT and CK19 (Fig. 3G , H, and I). CF-PHs in condensed regions were strongly α 1  AT + ( Fig. 3G and I), but CK19 -( Fig. 3H and I ). Double immuno-staining of α 1  AT and CK7 showed that the CK7 expression pattern was identical to that of CK19 (data not shown).
Phenotypes of CF-PHs in spheroids
12M-CF-PHs at 3 passages were detached from dishes, and inoculated in dishes (Fig.   4A ) or on Matrigel (Fig. 4C) , and cultured for 7 days. Similarly, HepG2 cells were cultured as a reference cell ( Fig. 4B and D) . Both types of cells became confluent at 7 days in dishes ( Fig. 4A and B) . On Matrigel, both 12M-CF-PHs and HepG2 cells aggregated at 1 day and formed spheroids with diameter of approximately 100 μm at 7 days ( Fig. 4C and D) . CF-PHs of other donors such as 16F2 were also able to form spheroids.
12M-CF-PHs in spheroids were subjected to double immuno-staining for ALB and CK7 (or CK19). They were both ALB + and CK7 + (also CK19 + ) (data not shown). ALB secretion was quantified during culture (Fig. 5) . The secretion level from 4 to 7 days increased 2.6-fold in monolayers as compared to that from 1 to 4 days, whereas the Yamasaki, Human colony-forming hepatocytes 8 level increased 6.6-fold in spheroids.
The above results suggested that spheroid-culture induces CF-PHs to express differentiated phenotypes. To further demonstrate such effects of spheroid-culture, the expression level of mRNAs of hepatocyte-differentiation marker proteins were compared between monolayer-and spheroid-cultures. This comparative study was performed using C-T PHs. Thus, before such experiments, gene expression profiles of C-T PHs was investigated in relation to those of fresh PHs. Total RNAs were extracted from C-T and fresh PHs of 3 donors, and used for quantifying mRNA of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ALB, HNF4, and cytochrome P450 isozymes (CYPs) (Fig. 6A) . mRNAs of GAPDH, CYP2C9, and CYP2C19 in C-T PHs were expressed at a similar level as in fresh PHs. The expression of CYP2D6 and CYP3A4 in C-T PHs was higher than in fresh ones, whereas that of ALB, HNF4, CYP1A1, and CYP1A2 was lower in C-T PHs.
C-T PHs were prepared from 12M. Aliquots of them were used for total RNA extraction and the remaining was subcultured to 3 passages. CF-PHs at 3 passages and HepG2 cells as a reference cell were cultured in monolayers and spheroids for 7 days, and used for total RNA extraction. These RNAs were used to measure mRNAs of GAPDH, ALB, HNF4, AFP, and CYPs by real-time RT-PCR. The expression level of GAPDH mRNA was similar among monolayer-and spheroid-cultures of both CF-PHs and HepG2 cells, which was higher than that of the original (C-T PHs) level (Fig.6B ).
CF-PHs in monolayer expressed mRNAs of ALB (Fig. 6C ) and HNF4 (Fig. 6D ) at low levels as compared to the original level. In contrast, their expressions were significantly elevated to levels comparable to the original C-T PHs' level when cultured in spheroids.
CF-PHs in both of monolayer-and spheroid-culture did not express AFP mRNA as in the case of C-T PHs (Fig. 6E ). HepG2 expressed AFP mRNA at a high level. The Yamasaki, Human colony-forming hepatocytes 9
Discussion
Previously, we cultured a human nonparenchymal cell (NPC) fraction in medium containing 3T3-CM, and showed that CF-PHs present in the NPC fraction can grow well [4] . In the present study we made primary cultures of human PHs in the presence
of Swiss 3T3 cells and demonstrated the presence of CF-PHs, their occupancy rate being quite low. We were able to propagate them by serial subculturing. the currently adopted culture conditions. Therefore, it is most likely that the biliary/progenitor cell features of CF-PHs are acquired during the periods of subculture.
However, the possibility that ALB + and CK19 + cells present at an occupancy rate of ~0.02% at the start expanded during culture can not be completely excluded at present. Previously, we devised HCGM as a culture medium that supports the growth of rat
PHs [1] . Rat PHs grew in HCGM when co-cultured with NPCs [2] or Swiss 3T3 cells [6] . The growth promoting activity of 3T3 cells was partly replaceable with 3T3-CM.
The active principles in 3T3-CM were HGF and pleiotrophin [6, 8] . In the present study we showed that 3T3-CM also supported the growth of human PHs, although its activity was less than that of 3T3 cells (data not shown).
A putative adult rat hepatocyte progenitor cells, Lig-8, elevated the expression of proteins of C/EBPα, ALB, and CYPs when cultured in spheroids [10] . We examined whether human CF-PHs in spheroid culture elevate differentiation-related genes. The mRNA expression level of ALB, HNF4, and CYPs of CF-PHs were low in monolayer-culture. However, when these CF-PHs were cultured in spheroid, they regained the expression of mRNAs of ALB and HNF4 to a level comparable to that of the original PHs, i.e., the cells before cultivation, and also regained a mRNA expression profile of CYPs of 2C9, 2C19, and 3A4 similar to that of original PHs. On the other hand, HepG2 cells expressed mRNAs of ALB and HNF4 even in monolayers to levels higher than those of PHs or cultured CF-PHs. In spite of such a high expression of HNF4 mRNA, HepG2 cells did not express CYP mRNAs in both monolayer-and spheroid-culture. Using an adenovirus-mediated antisense targeting method, a research group showed that the expression of CYPs in human PHs is regulated by HNF4 [11] .
Currently, we suppose that human CF-PHs cultured in spheroids reexpress hepatocyte specific differentiation markers through the up-regulation of HNF4 expression.
In summary, the present study demonstrated the presence of CF-PHs, a highly replicative compartment of human PHs, even in the adult human liver. These CF-PHs Yamasaki, Human colony-forming hepatocytes 11 can be serially subcultured, retaining their normal hepatocytic characteristics. These cultures should be useful to study the cellular and molecular mechanisms of growth, differentiation, toxicity, metabolism, and carcinogenesis of human hepatocytes. and Day 4-7, respectively. The level of ALB secretion was determined as ALB secreted 
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